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ABSTRACT

BetweenSeptember1997,whentheMarsGlobalSurveyorspacecraftarrivedat Mars,

and September1998whenthe final aerobrakingphaseof the missionbegan,theThermal

EmissionSpectrometer(TES)hasacquiredanextensivedataset spanningapproximately

half of a Martian year. Nadir-viewingspectralmeasurementsfrom this data set within

the 15-pmCO2absorptionbandare invertedto obtainatmospherictemperatureprofiles

from the surfaceup to about the 0.1mbar level. The computationalprocedureusedto

retrievethetemperaturesispresented.Meanmeridionalcrosssectionsofthermalstructure

arecalculatedfor periodsof time nearnorthernhemispherefall equinox,winter solstice,

and springequinox,aswellasfor a time intervalimmediatelyfollowingthe onsetof the

NoachisTerradust storm. Gradientthermalwind crosssectionsarecalculatedfrom the

thermalstructure. Regionsof possiblewaveactivity areidentifiedusingcrosssectionsof

rmstemperaturedeviationsfrom themean.Resultsfromboth near-equinoxperiodsshow

somehemisphericasymmetrywith peakeastwardthermalwindsin the northabouttwice

themagnitudeofthosein thesouth.The resultsnearsolsticeshowan intensecircumpolar

vortexat high northernlatitudesand wavesassociatedwith the vortexjet core.Warming

of the atmospherealoft at mid-northernlatitudessuggeststhe presenceof a strongcross-

equatorialHadleycirculation.AlthoughtheNoachisduststormdid not becomeglobalin

scale,strongperturbationsto the atmosphericstructurearefound,includinganenhanced

temperaturemaximumaloft at high northern latitudesresulting from intensificationof

the Hadleycirculation.TESresultsfor thevariousseasonalconditionsarecomparedwith

publishedresultsfrom Marsgeneralcirculationmodels,and generallygoodqualitative

agreementis found.
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1. INTRODUCTION

The Thermal EmissionSpectrometer(TES) carriedon the Mars Global Surveyor

spacecraft consists of a Michelson interferometer, along with solar albedo and broadband

thermal channels (Christensen et al., 1992). The spectrometer measures thermal emission

between 200 and 1600 cm-1 with selectable nominal spectral resolutions of 5 and 10 cm -1.

The individual pixels of the 2x3 detector array subtend 8.3 mrad. A pointing mirror

permits the nadir as well as the forward and aft limbs to be viewed. Calibration of

the instrument is accomplished with periodic views of an on-board blackbody and cold

space. Although the primary objectives of the experiment are related to surface science,

the thermal emission spectra also contain a wealth of information on various atmospheric

parameters including thermal structure, water vapor, and aerosols (dust and condensates).

Thermal emission measurements from spacecraft, have been extensively used to obtain

temperature profiles in terrestrial meteorological satellite programs, and the approach has

also been applied to the atmospheres of other planets including Mars. In the case of Mars,

measurements within the CO2 absorption band complex centered at 667 cm -1 (15 pm)

are used. Mariner 9 IRIS spectra were inverted to obtain temperatures during the 1971

global dust storm and its subsequent dissipation (Hanel et al., 1972; Conrath et al., 1973;

Conrath, 1975; 1976; 1981; Santee and Crisp 1993). The Viking IRTM obtained extensive

information on the mean temperature of a thick atmospheric layer from a singl_channel,

broadband measurement in the C02 band (Martin and Kieffer, 1979; Martin, 1981; Jakosky

and Martin, 1987). Temperature profiles not only provide diagnostic information on the

dynamics and energetics of the atmosphere, they are the essential starting point for the

retrieval of all other atmospheric parameters from thermal emission spectra, and for the

isolation of emission from the planetary surface (Smith et al., 1999a; Bandfield et al.,

1999).

During the time between the arrival of MGS at Mars in September 1997 and Septem-

ber 1998, over 2 million temperature profiles were retrieved. These were primarily obtained

from nadir viewing spectra, with a limited number of profiles retrieved from limb spec-

tra acquired near periapsis. Only nadir retrievals are presented here; limb retrievals will
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be treatedin future work. Slightlymorethan onehalf of a Martian seasonalcycle was

observed during this period of time, extending from just after northern hemisphere autum-

nal equinox, through winter solstice, and into northern hemisphere spring (Ls -- 184-28,

where Ls is the areocentric longitude of the sun). Several regional dust storms occurred

during this period, the largest of which was the Noachis Terra event in late November 1997

(Christensen et al., 1998; Smith et al., 1999b). The TES retrievals provide the most exten-

sive spatial and temporal coverage yet obtained for this portion of the Martian seasonal

cycle. A set of temperature profiles have also been obtained from MGS radio occultation

measurements (Hinson, et al., 1999), and the two data sets should prove to be highly com-

plimentary. While more limited in spatial and temporal coverage, the occultation profiles

possess high vertical resolution, and also directly provide pressure as a function of geopo-

tential. The objectives of this paper are to describe the computational approach used to

retrieve temperature profiles from TES spectra and to present selected examples of the

results, illustrating the seasonal evolution of the mean atmospheric thermal structure and

the associated thermal winds. Temperature variances are included as possible indicators

of wave activity. The results presented here are based on preliminary retrievals that are

subject to future refinements.

The temperature profile retrieval algorithm used in the analysis is presented in Section

2. Selection of the data sets used is discussed in Section 3. In Section 4, the results are

presented, and their implications for Martian atmospheric dynamics are discussed. Finally,

our conclusions are summarized in Section 5.

2. TEMPERATURE RETRIEVAL ALGORITHM

Measurements of thermal emission within an absorption band associated with a con-

stituent of known abundance can be used to estimate temperature as a function of atmo-

spheric pressure level. Radiances near the opaque band center are sensitive to the upper

atmospheric levels while those in the more nearly transparent band wings provide infor-

mation on layers nearer the planetary surface; on Mars, the C02 band complex centered

at 667 cm -l is well-suited for this purpose. The quantitative approach used to retrieve

thermal structure from TES measurements within this band is summarized in this section.
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The thermalspectralradianceI(#, lJ) emerging from the top of the atmosphere as

measured at the spacecraft can be written

I(/t, _)= e(_)B(L,, Ts)Tr(tt, v, zs ) + flz_ (HB[L,T(z)]OTr_ _, z) dz (1)
,I z s

where it is the cosine of the emission angle, _ is wavenumber, z = -lap where p is

atmospheric pressure, Tr(p, v, z) is atmospheric transmittance from level z to the top of

the atmosphere, and B(v, T) is the Planck radiance at wavenumber v and temperature T.

The first term represents the atmospheric attenuated emission from the planetary surface

with emissivity e(_,) and temperature Ts. The second term is the atmospheric emission

contribution with the integrM taken from the surface zs to the effective "top" zt above

which contributions to the outgoing radiance are negligible. In writing (1), scattering has

been neglected and the atmosphere is assumed to be in local thermodynamic equilibrium

at all levels. We have also neglected a term representing upward reflection by the surface

of downward thermal flux from the atmosphere, a term that will generally be small as long

as c(v) does not differ greatly from unity.

The direct retrieval of temperature from (1), given measurements of I(#,_,), is an

"ill-posed" problem in the sense that arbitrarily small changes in the measured radiances

can produce finite changes in the retrieved temperature profile, resulting in a hypersen-

sitivity to measurement uncertainties. In addition, the problem will be underdetermined

since the nmnber of quadrature points for which the temperature must be specified will

usually exceed the number of independent pieces of information contained in the radiance

measurements. Nevertheless, it is possible to obtain physically meaningful solutions by

imposing additional constraints that usually take the form of low-pass filtering, either ex-

plicitly or implicitly. An extensive discussion of this general type of inverse problem has

been given by Craig and Brown (1986). There are several different approaches that could

be applied to the problem at hand. The algorithm we have chosen is briefly summarized

below and has been described in greater detail by Conrath et al. (1998).

We begin by using the numerical quadrature analog of (1) such that T(z) is defined at

n discrete atmospheric levels. Linearizing the resulting set of equations about a reference

temperature profile T°(z) yields



AI = KAT (2)

where Kij is the functional derivative of the radiance at vi with respect to T at level zj.

The perturbation quantities are

AT_= T(zj) - T°(zj), (3)

aI, = r(_) - I°(_2), (4)

where the radiance I°(vi) is calculated using T °. Let AT be expanded in a set of basis

vectors, i.e.,

AT = Fa, (5)

where F is a matrix whose columns are the basis vectors, and the vector a contains the

expansion coefficients. The solution we seek results from minimization with respect to a

of the quadratic function

Q = (AI - KFa)TE-I(AI - KFa) + 7aTa. (8)

Here, E is the measurement error covariance matrix. The first term on the right hand side

of (6) is the usual penalty function employed in least squares fitting. In the second term,

aTa is a measure of the departure of the solution from the reference or first guess profile,

and the parameter 7 determines the relative weight with which this constraint is applied.

Carrying out the minimization and making use of (5) gives

where

AT = WAI, (7)

W = SKT(KSK T + 7E) -1. (8) -
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S = FF T is the two-point correlation matrix of the basis vectors; only this parameter

appears in the solution and not the basis vectors themselves. The nonlinearity of the

problem is taken into account through iterative application of (7). The error covariance

matrix for the retrieved temperature profile due to instrument noise propagation is

v = wEw (9)

Tile functional derivatives of radiance with respect to temperature are calculated as-

suming that the temperature dependence of the atmospheric transmittance is weak relative

to that of the Planck function so that K can be approximated as

Kij = T(zj)] OTr(., zj) (10)
OTj Ozj

A set of functional derivatives (also referred to as contribution functions or kernels) for

the wavenumbers chosen for the present study are shown in Fig. 1. These correspond to

the nominal 10 cm -1 spectral resolution, and points on both sides of the 15-pro CO2 band

are included. Rapid calculation of atmospheric transmittance is required for temperature

retrieval from a large volume of spacecraft nleasurements, and the k-distribution method

(Goody et al. 1989) is used for this purpose.

In general, the correlation matrix S is a measure of the completeness of the set of

basis vectors; for a complete set, it is proportional to the unit matrix. In the present

application, we wish to linfit the vertical scales represented in the solution to those intrinsic

to the radiance measurements, and S provides a convenient means of filtering the solution.

Rather than specifying a specific set of basis functions, we shall specify S to be of the form

Sij = exp[-(z_ - zj)2/2c 21 (11)

where c is the correlation length in scale heights, and can be regarded as a measure of the

width of the numerical filter imposed on the solution by the retrieval algorithm. Based

on estimates of vertical resolution from the behavior of K, a value of c = 0.75 is found

to be appropriate. The parameter 3' controls the strength of the filtering imposed on the

solution, and is most easily determined through numerical experiment.



The measurementerror covariancematrix canbewritten

au(.,, r.) au(.¢, m.) < aT,2 >
E_j = N2tSij + e(v_)e(vj) OT cOT (i2)

where N is the noise equivalent spectral radiance of the TES instrument, assumed to be

constant within the spectral interval used, and < 8T 2 > is the statistical error in the

required surface temperature determination. Since the random noise in the TES measure-

ments is assumed to be uncorrelated between any two spectral points, the first term in (12)

contains contributions to only the diagonal elements of E. However, errors in the deter-

mination of T8 affect all wavenumbers, resulting in correlations and off-diagonal elements

as indicated by the second term.

To carry out an atmospheric temperature retrieval, the boundary term in (1) must be

specified, and this can prove challenging. The surface pressure is required for calculation

of the total atmospheric transmittance. In the analysis presented here, this quantity was

estimated from a topographic map (U.S. Geological Survey, 1993), using a seasonally

adjusted reference pressure based on Viking lander observations (Tillman et al., 1993). It is

assumed that the surface emissivity e(u) is unity throughout the spectral region containing

the COs band. While this may not be strictly true, the approach used in specifying T8

compensates for any departure from unity to first order. Rather than trying to define a

surface temperature from the most transparent portions of the spectrum, we estimate an

effective surface temperature by calculating brightness temperatures in narrow spectral

regions on either side of the COs band and averaging them. The wavenumber intervals

used are 507.89-529.05 cm -I and 804.15--825.31 cm -1. In addition to compensating for

emissivities less than unity, this approach also compensates for neglected dust opacity

through first order in dust optical depth.

To begin each retrieval, an initial reference or "first guess" profile must be specified.

Because of the large spatial and temporal variations in the Martian temperature profiles, it

is necessary to use the measurements themselves to estimate a first guess. For each spectral

radiance used in the inversion, brightness temperatures TB(ui) are calculated using

£
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B[TB(ui)] = I(ui) - B(_,i, Ts)Tr(_,_, zs) (13)
1 - Tr(ui, zs)

These temperatures are assigned to effective atmospheric levels defined by

n n

zeu(. ) = F_,K j. (14)
j=l .i=1

The resulting temperature profile is then interpolated between levels and extrapolated

above the uppermost point to high atmospheric levels by assuming T o¢ p0.O2. Finally, the

profile is subjected to smoothing by convolution with a triangular window with a width

of 0.75 scale height. This last step is to eliminate high spatial frequency components that

would be retained in the retrieved solution as artifacts. []'sing a first guess profile defined

in this way, it is found that the radiance residuals converge to near the noise level within

three iterations.

The functional derivatives or contribution functions of Fig. t show that for the nominal

10 cm -1 spectral resolution and normal viewing (/_ = 1), maximmn information on the

atmospheric thermal structure is obtained from levels between the surface and about 0.3

mbar; above this level, the information content of the measurements gradually decreases.

As the emission angle increases, the maxima of the contribution functions move upward

(toward lower pressures). In this analysis, emission angles were limited to 60 ° (p = 0.5)

for which the pressure level of the peak of the uppermost contribution function is about

0.2 mbar. To examine the capabilities and limitations of the retrieval algorithm, it was

applied to synthetic spectra calculated from model Martian atmospheres, and the results

for two such cases are shown in Fig. 2. The warm, relatively smooth profile in Fig. 2a is

well recovered in the region of nmximum information content. At higher atmospheric levels

where the information decreases, the retrieval tends toward the first guess profile with the

type of algorithm used here. The profile in Fig. 2b displays a strong inversion above the

surface as might be found in early morning and in polar regions on Mars. The scale of

the inversion structure lies below the intrinsic vertical resolution of the measurements and

only its average properties are recovered.

There are several sources of uncertainty that contribute to errors in the retrieved
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temperatures.Therandomerrorsin theretrievaldueto propagationof measurementnoise

arecharacterizedby the temperatureerror covariancematrix V (eq. (9)). An example

of the structure of this matrix is shown in the form of a contour plot in Fig. 3. The

square root of the diagonal elements of V are the rms errors at each level in the retrieved

profile due to instrument noise propagation. The off-diagonal elements are measures of the

correlation of the retrieval errors between each pair of atmospheric levels. The patterns

of these correlations reflect the behavior of the overlapping contribution functions and the

smoothing imposed by the retrieval algorithm. The right hand panels in Figs. 2a and 2b

show the estimated rms statistical error in the retrievals due to propagation of instrument

noise corresponding to a noise equivalent radiance of 2 × 10-s W cm-2ster-1/cm - 1. Errors

in the estimated surface pressures probably dominate the temperature retrieval uncertainty

in the lowest part of the atmosphere over relatively warm surfaces. A surface pressure error

of +5% propagates into errors in the retrieved temperatures in the lowest layers of +1-6

K for surface temperatures of 200-260 K respectively. These errors decrease rapidly with

increasing height, becoming negligible above about one pressure scale height. Also included

among the possible sources of error are the ra_liometric calibration of the instrument, the

assumption of unit surface emissivity, and the neglect of dust opacities. The use of an

effective surface temperature to define the continuum for the 15-#m CO2 band, as discussed

above, partially compensates for the latter two effects as long as the surface emissivity does

not depart significantly from unity and the dust opacity is small. Errors in the absolute

rm:liometric calibration affect the retrievals most strongly under cold atmospheric and

surface conditions. With the preliminary calibration of the data used in this analysis,

systematic errors in excess of 5 K are possible in the cold winter polar regions; this is

evident in some of the results presented below where the retrieved temperatures lie below

the CO2 condensation temperature. Uncertainties in the CO2 absorption coefficients can

also introduce systematic errors into the retrievals; the magnitude of these errors is not

well known, but is probably less than 2 K.

3. DATA SELECTION

The TES data analyzed in this study are selected from data taken during the initial
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aerobrakingperiodfromSeptember1997to March1998andthe "science-phasing"portion

of themissionfromMarchto September1998whenfinalaerobrakingwasinitiated. During

this time, the MGSspacecraftwasin a highlyellipticalorbit aboutMarswith an initial

periodof 45hours,decreasingduringthe first aerobrakingperiodto an 11.6hour period,

whichremainedfixedduringscience-phasing.Consequently,theprojectionofanindividual

TES pixel oi1the planetvariedgreatly from lessthan 10km near periapsisto several

hundredkm nearapoapsis.During this period,periapsislatitude movednorthwardfrom

32N, passingoverthenorth poleandthenmovingbackto 61N by theendof thesciencc_

phasingperiod.Duringtheportion of theorbit nearperiapsis,mostTESdataweretaken

with the instrumentpointedtowardthenadir. Exceptionsto this include a limited amount

of limb data, not discussed in the present work. Following the periapsis pass, the roll of the

spacecraft, combined with the use of the TES pointing mirror, permitted more extensive

mapping of the planet to be achieved, but at lower spatial resolution. As a result, coverage

in the northern hemisphere from a single orbit is largely confined to two regions about

180 ° and 12 hours apart in longitude and local time, while at high southern latitudes,

more nearly complete coverage in longitude and local time is achieved.

Preliminary temperature retrievals have been obtained by inversion of almost all of

the spectra acquired during the initial aerobraking and science-phasing portions of the

mission, amounting to over 2 million temperature profiles. We wish to select subsets of

these results that can be used to characterize the evolution of the thermal structure and

associated thermal wind field during the approximately one half Martian year covered by

the data thus far.

The temporal behavior of the 0.3 mbar temperatures at 30 N and 30 S is shown

in Fig. 4. Superposed on the seasonal variation is a major perturbation caused by the

onset and subsequent decay of the dust storm that originated in the Noachis Terra region.

It is necessary to select intervals of L_ sufficiently broad to insure adequate coverage in

longitude but not so broad as to include substantial temporal change in the temperatures.

The four intervals chosen are listed in Table 1. These are intended to be representative

of conditions near northern fall and spring equinoxes and northern winter solstice. Also

included is a time interval near the peak of the Noachis dust storm.
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4. RESULTS AND DISCUSSION

Estimatesof meanmeridionaltemperaturecrosssectionsweremadefor eachof the

time intervalsindicatedin Table1. Meantemperaturesin 2° latitudebinswerecalculated

for eachof thestandardpressurelevelsfor whichtemperatureswereretrieved.An average

of the surfacepressuresusedin the retrievalswasalsocalculatedfor eachbin. Cross

sectionswerethenconstructedusingthe meantemperaturesfor all pointsin eachbin for

whichthe pressuredoesnot exceedthe meansurfacepressure.Theresultsarepresented

in Figs. 5a,6a,7aand8a.

The zonal thermal wind field wasestimatedfrom the temperaturefield assuming

gradientwindbalancein the horizontalandhydrostaticbalancein the vertical,resulting

in the thermalwindrelation (seefor exampleAndrewset al. (1987))

o[(  t o0)]Ozz f + - _ = (15)a ma O0

where 2_ is the zonal mean temperature, fi is the zonal mean eastward wind component, 0

is latitude, f is the Coriolis parameter, a is the planetary radius, R is the gas constant, and

m is the atmospheric mean molecular weight. It is assumed that fi = 0 at the planetary

surface, and equation (15) is integrated upward, yielding the baroclinic component of the

wind field. Any non-zero surface wind must be added to the result to obtain the total

wind speed. Although the calculation of fi from (15) is simple in principle, care must be

taken because of the required numerical differentiation of the temperature with respect to

latitude. For this purpose, the temperatures were smoothed in latitude with a 10°-wide

window on centers spaced 5° . The resulting zonal thermal wind cross sections are shown

in Figs. 5b, 6b, 7b and 8b.

Equinoxes

The mean meridional temperature cross section for the period Ls = 190-200 (Fig. 5a)

and the related gradient thermal winds (Fig. 5b) show significant hemispheric asymmetry

even though it is only a short time after the northern hemisphere autumnal equinox.

Temperatures above the 1 mbar level reach a maximum at northern mid latitudes, then

decrease rapidly toward the north polar regions where the temperatures are observed to be
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10Kcoolerthannearthesouthpole.Theresultingstronggradientin thenorthsupports

a moreintenseeastwardjet in that hemispherewith thermalwind speedsreaching100m

s-1 at tile highestlevelsfor which infornlationis availablefrom the presentdataset. In

contrast,in tile southernhemisphere,thetenlperaturegradientsareweaker,with eastward

thermalwindspoIewardof about 25 S achieving maximum speeds less than half those in

the northern hemisphere. Between the equator and 25 S, weak westward thermal winds are

observed. Examination of Fig. 5a suggests that the mean meridional temperature cannot

be in radiative equilibrium, and is significantly modified by the atmospheric dynamics.

Tile temperature maximum at mid-northern latitudes presumably results from adiabatic

warming associated with the descending branch of the mean meridional residual (Hadley)

circulation (Andrews et al. 1987); upward motion occurs at low latitudes. The equivalent

circulation in the south appears to be significantly weaker.

Fig. 7a shows the mean meridional thermal structure for L8 = 2 - 4, just after the

northern hemisphere spring equinox. The associated zonal thermal wind field is shown

in Fig. 7b. As in tile case of the fall equinox, the winds are predominantly eastward in

both hemispheres, but there remains some asymmetry. Although the thermal asymmetry

is less pronounced than that near the autunlnal equinox, and tile temperatures near the

north and south poles are similar, higher temperatures at northern mid latitudes result in

a stronger poleward gradient and stronger thermal winds in the north than in the south.

Results have been published from simulations for several portions of the Martian

seasonal cycle using the Ames MGCM (Haberle, et al. 1993) and a Mars adaptation of

tile Princeton GFDL model (Wilson and Hamilton, 1996). In:each case, experiments Were

run for several different spatially and temporally constant dust optical depths. Haberle

et al. present zonal and temporal mean cross sections for the period L8 = 0 - 23 and a

visible dust optical depth of 0.3. The general magnitudes of the temperatures and thermal

winds are comparable to those observed for L_ = 2 - 4. The model thermal cross section

shows considerable symmetry in the region between approximately 40 S and 40 N, but

at higher latitudes, temperatures decrease more rapidly toward the pole in the southern

hemisphere than in the northl The wind field is dominated by broad eastward jets in

both hemispheres with somewhat higher wind speeds in the south. The observations show
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strongerpolewardtemperature_adients and higherthermal wind speedsin the north.

This differencemaybedueto thefact that the time periodoverwhichthe modelresults

wereaveragedis different from that of the observations,and the temperatureand wind

configurationsarechangingrapidly.WilsonandHamiltondonot displaytheir equinoctial

results,but statethat simulationsfor conditionsnearLs = 180 produce a circulation that

is nearly hemispherically symmetric with broad eastward jets having maxima near 60 °

latitude. In comparison, the observations for Ls = 190- 200 indicate thermal winds in the

northern hemisphere approximately twice as strong as those in the south.

Solstice

The zonal mean meridional temperature cross section for L8 = 270-280 near northern

hemisphere winter solstice is shown in Fig. 6a and the thermal wind field in Fig. 6b. In

the northern hemisphere, the eastward jet has become more concentrated in latitude and

has intensified, resulting in a strong circumpolar vortex. Maximum thermal wind speeds

in excess of 160 m s-1 are reached at the upper boundary of the region included in these

results. The temperature maximum aloft at high northern latitudes has become stronger

relative to the near-equinox conditions, suggesting an intensification of the residual merid-

ional circulation and a resulting increase in adiabatic warming. This warming, combined

with the strong radiative cooling of the north polar atmosphere, presumably results in the

strong latitude temperature gradients observed in the region centered near 60 N.

In the southern hemisphere, maximum atmospheric temperatures are observed in

the south polar region where strong diurnally integrated solar heating is occurring; as a

consequence, thermal winds are predominantly westward in this hemisphere. The observed

meridional thermal structure appears to deviate strongly from radiative equilibrium, and is

consistent with a solstitial cross-equatorial Hadley circulation extending from high southern

latitudes to high northern latitudes (Schneider, 1983; Zurek et al., 1992; Haberle et al.,

1993; Wilson, 1997).

Haberle et al. (1993) give model results averaged over the period Ls = 255 - 286

that can be compared with the TES results for Ls = 270 - 280. During the time of the

observations, the observed 9-pm dust optical depths were near 0.2 (Smith et al., 1999b);
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if the ratio of visible to 9-pmoptical depth is assumedto be 2.5 (Martin, 1986),the

appropriatevisibleoptical depth wouldbe about 0.5. The observedthermalstructure

appearsto beessentiallybracketedby themodelresultsfor opticaldepthsof 0.3and1.0,

but aresomewhatcloserto the casefor an optical depth of 1.0. The generalfeatures

of the thermalwindsderivedfrom the temperatureobservationsagreewith thoseof the

modelwind field with the exceptionof a low-leveleastwardjet centerednear30S seen

in the model. This jet resultsfrom the near--angularmomentumconservingsouthward

flowof the lowerbranchof the Hadleycirculation(Haberleet al., 1993;Hourdinet al.,

1993;WilsonandHanfilton,1996),andcanberegardedasa barotropiccomponentof the

flownot accessibleto tile thermalwind calculation.However,a low-leveleastwardjet in

this latituderegionhasbeeninferredfrompressuregradientson a constantgeopotential

surfaceobservedin the radiooccultationresults(Hinsonet al., 1999).

Noachis Dust Storm

Abrupt increases in the 0.3 mbar temperatures at both 30S and 30N can be seen in

Fig. 4 at Ls values of 184, 225, and 309. These temperature increases correspond to the

onset of regional dust storms in the southern hemisphere. A detailed description of the

behavior of the thermal infrared dust opacity as inferred from TES spectra is given by

Smith et al. (1999b). The increased temperatures in the south can result from enhanced

local heating by the absorption of solar energy by the dust, while the temperature increases

in the north presumably are produced by a dynamic response. Because of the spatial and

temporal distribution of the TES data set at this time, it is difficult to precisely quantify

any time lag in the northern hemisphere temperature increase relative to that in the south,

but if such a lag exists, it cannot be greater than 2-3 sols.

The large temperature increases seen in Fig. 4 near Ls = 225 correspond to the

Noachis Terra dust storm. This storm was near its maximum intensity during the period

L, = 225 - 233 (Smith et al. 1999b), and this is the final period to be considered here.

Although regional, this storm had a profound effect on the global thermal structure. The

meridional temperature and thermal wind cross sections are shown in Figs. 8a and 8b

respectively. A temperature maximum is seen at low levels in the southern hemisphere,
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centerednear30S wherethe atmosphericdust loadingis greatest.In the northernhemi-

sphere,a strongtemperaturemaximumis observednear60N. presumablydueto a rapid

intensificationof the cross-equatorialmeridionalcirculationand accompanyingincreased

adiabaticwarmingin the downwardbranch. An intensehorizontaltemperaturegradient

liespolewardof this maximum.Thispolar front showsastrongpolewardtilt with increas-

ing height, and the coreof a strongpolar vortexpenetratesto 60N nearthe 0.3mbar

level.

Similar rapid enhancementof temperaturesat high northern latitudeswasobserved

in the Viking IRTM 15-pm channeldata duringglobal dust storm conditions(Martin

andKieffer, 1979;JakoskyandMartin, 1987).A numberof globaldust stormnumerical

simulationshavebeenpublished(Murphyet al., 1993;Murphy et al., 1995;Wilson,1997)

as well as numericalexperimentswith fixed, largedust opacities. The Noachisstorm

wasregional,neverachievingglobalstatus,andoccurredapproximatelymidwaybetween

equinoxand solstice,while the simulationshavebeendirectedprimarily at near-global

atmosphericdust loadingand solstitial seasonalconditions.Nevertheless,the observed

thermal structureexhibitsbehaviorqualitativelysimilar to someof the simulations.For

example,Wilson's(1997)resultsshowhigh temperaturesaloft polewardof 60N and an

intensecircumpolarjet coreat veryhigh latitudes.However,in the southernhemisphere,

the TES temperaturesdo not showthe monotonicincreasetoward the southpole, but

reacha maximumnear60Sandthendecreasetowardthepole.This resultsin aneastward

thermalwindat highsouthernlatitudesnot seenin the model.This maybeaconsequence

of the earlieroccurrencein theseasonof the Noachisstorm,prior to theestablishmentof

a strongpole-to-polemeridionalcirculation. In addition,a decreasein the atmospheric

dust towardthesouthpolecouldalsocontributeto the lowertemperaturesthere.

Hl_e8

The temperature standard deviations associated with the mean thermal structure for

each of the four time intervals considered are shown in the form of meridional cross sections

in Figs. 9-12. Contributions to these standard deviations include propagation of random

errors into the retrievals, strong temperature latitude gradients within the averaging bins,
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seasonalevolutionof tile temperaturefieldduring thetime intervalsoverwhichthe aver-

agesaretaken,andthecombinedeffectsof thevariousatmosphericwavemodesthat may

be present.The contributiondueto the total randomerrorsin the individual retrievals

awayfrom the surfaceis of the orderof 1-2K, the useof slidingaveragingbinsminimiz-

ing the effectsof temperaturegradients,andthe time intervalsanalyzedwerechosento

minimizethepossiblesecularchangesoccurringduringeachinterval. Fromtheseconsider-

ations,standarddeviationsin excessof 4 5 K canbe regardedasindicatorsof significant

waveactivity. Stationaryplanetarywaves,tidal modes,andtravelingdisturbancescanall

contributeto the observedtemperaturestandarddeviations.Giventhe spatialandtem-

poralsamplingof the dataobtainedby TES, isolationandcharacterizationof individual

wavemodesis challenging.An investigationof the possiblewavemodespresentin the

TES temperaturefieldshasbeencarriedout by Banfieldet al. (1999).

\¥e now briefly consideredsomepossibleimplicationsof the temperaturestandard

deviations.The crosssectionof standarddeviationsfor L8 = 190 - 200 (Fig. 9) shows

no concentrated regions of temperature fluctuations with the possible exceptions of low

atmospheric levels at mid southern latitudes and near 70 N. In contrast, the results shown

in Fig. 1O for the time interval near northern winter solstice (L_ = 270 - 280) suggests the

presence of strong wave activity at low and mid latitudes in the southern hemisphere and

in a confined latitude range centered near 60 N. In the south, large standard deviations

are observed between the surface and approximately the 1 mbar level; these are especially

intense just south of the equator and may be related to wave activity at these latitudes

associated with the Tharsis ridge. At 60 N, the maximum standard deviation occurs

just below the 1 mbar level, and the temperature fluctuations are highly correlated with

the wind field (Fig. 6b), suggesting ducting of waves into the polar vortex region. It is

interesting to note that in the northern hemisphere between the equator and 50 N, the

temperature field is extremely quiescent. For the time interval near northern hemisphere

spring equinox (L_ = 2- 4) shown in Fig. 11, the standard deviations are similar to those

near the fall equinox with relatively weak temperature fluctuations. For the period during

the Noachis dust storm (Ls = 225 - 233) shown in Fig. 12, there appears to be significant

wave activity at almost all latitudes with the possible exception of the region between the
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equatorand about 40 N. Thereare largestandarddeviationsassociatedwith the polar

vortex,with maximumvaluesnearthe 0.3 mbar levelat 70 N, again suggesting strong

wave activity in this region.

5. SUMMARY

A temperature inversion algorithm has been applied to virtually the entire data base

of TES thermal emission spectra acquired during the period from mid-September 1997

through September 1998. Selected samples of the resulting temperature profiles have

been used to produce cross sections of temperature and thermal winds that document the

seasonal progression over half of a Martian year, and the influence of a regional dust storm

on the atmospheric structure.

Results from time intervals near both northern hemisphere fall and spring equinoxes

show some hemispheric asymmetry was present with stronger high latitude temperature

gradients, and consequently, stronger thermal winds in the northern hemisphere in both

cases. Wave activity, as measured by temperature variances, appears to have been rela-

tively weak throughout most of the atmosphere at these times. Near solstice, the results

were found to be highly asymmetric between hemispheres, with temperatures monoton-

ically increasing at all levels toward the south pole resulting in westward thermal winds

throughout the southern hemisphere. A strong, deep polar front was observed at high

northern latitudes, associated with the polar vortex. Observed temperature variance sug-

gests that ducting of waves into the vortex was occurring.

The good general agreement of the observations with the results from general circula-

tion modeling experiments is encouraging although some differences in detail exist. Some-

what better agreement is obtained with models incorporating larger dust optical depths

than those indicated by the TES dust retrievals (Smith et al., 1999). These differences

may be minimized in future model experiments that more nearly duplicate the conditions

existing during the TES measurements.

Even though the TES data analyzed here were taken prior to the beginning of the MGS

mapping mission, they have provided the most nearly complete description of atmospheric

thermal structure over half of a Martian seasonal cycle yet acquired. It is anticipated
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that this data base will be greatly extended and enhanced with retrievals from regularly

sampled measurements of both limb and nadir spectra to be obtained during the mapping

mission.
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FIGURE CAPTIONS

Figure 1. Contribution flmctions (functional derivatives of radiance with respect to

temperature) for the wavenumbers used in the temperature retrievals. These flmctions

were calculated using equation (10) in the text, and are for the nominal TES 10 cm -1

resolution. Units for the contribution functions are W cm -2 ster-1/cm-1/kelvin.

Figure 2. Temperature profile retrievals from synthetic data; (a) model representative

of a daytime profile with warm surface, and (b) model with strong inversion in the

lower atmosphere and a cool surface. The temperature retrievals are compared with

the true model profiles and the initial profiles in the left hand panels. In the right hand

panels, profiles of the rms error in the retrievals are plotted. The rms error represents

the precision of the retrieval in the presence of assumed random errors as discussed in

the text. Errors due to surface pressure uncertainties and other systematic errors are

not included.

Figure 3. Error covariance matrix for a temperature profile retrieval as defined by

eq. (9) of the text. The elements of this symmetric matrix characterize the correlation

between atmospheric levels of the temperature retrieval errors due to propagation of

instrument noise. The units are kelvin 2.

Figure 4. Trends in retrieved temperatures at 0.3 mbar for 30 N (upper panel) and

30 S (lower panel). Temperature is plotted as a function of the seasonal parameter Ls

(aerocentric longitude of the sun). The data extend over a period beginning shortly

after northern hemisphere fall (L_ = 180) through northern winter and into northern

spring (L_ = 360). The rapid increases in temperature in both hemispheres near

L8 = 225 result from the onset of the Noachis regional dust storm and are correlated

with the sudden increase in dust opacities observed in the southern hemisphere (Smith

et al., 1999). The temperature increases seen near L_ = 310 correlate with a smaller

regional dust storm.

Figure 5. Mean meridional cross sections of (a) retrieved temperatures and (b) gra-

dient thermal winds for the period L_ = 190 - 200 near northern hemisphere fall

equinox. The temperatures are in kelvins and the wind speeds are expressed in m s-1
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Eastwardthermalwindsarepositive.Themeansurfacepressuresfor thisdatasetare

indicatedat the lowerboundaryof thecoutouredregions.

Figure 6. SameasFigure5 exceptfor Ls = 270 - 280 near northern winter solstice.

Figure 7. Same as Figure 5 except for Ls = 2 - 4 near northern spring equinox.

Figure 8. Same as Figure 5 except for L_ = 225- 233 during the Noachis dust storm.

Figure 9. Cross section of rms temperature deviations for Ls = 190 - 200. The

deviations are expressed in kelvins. Values greater than 2-4 K are probably related to

atmospheric wave activity.

Figure 10. Same as Figure 9 except for Ls = 270 - 280.

Figure 11. Same as Figure 9 except for L8 = 2 - 4.

Figure 12. Same as Figure 9 except for L_ -- 225- 233 during the Noachis dust

storm.
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TABLE 1. Selected Time Intervals for Mean Meridional
Cross Sections

Number

of Retrievals Comments

67,776

44,502

121,636

64,251

Near N. Hemisphere Fall Equinox

N. Hemisphere Winter Solstice

N. Hemisphere Spring Equinox

Noachis Dust Storm
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